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•  The  substitution  of  lithium  ions  by  sodium  ions  leads  to  the  phase  transformation. 

•  The  Li2Na2Ti50i2  presents  the  low  and  sloped  potential  plateau. 

•  The  Li2Na2Ti50i2  delivers  the  good  high-rate  capability  and  cycle  stability. 
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In  this  work,  the  unique  effect  of  the  substitution  of  lithium  ions  by  sodium  ions  in  LUTisO^  on  the 
structure,  crystalline  size  and  electrochemical  performance  is  investigated  in  details.  The  Li4_xNaxTi50i2 
materials  are  by  high  temperature  calcination  of  titania,  anhydrous  lithium  carbonate  and  anhydrous 
sodium  carbonate.  It  is  shown  from  the  structure  analysis  that  the  phase  structure  transformation  is 
found  with  gradually  increasing  the  molar  ratio  of  sodium  ions  to  lithium  ions  in  the  as-prepared  Li4 
_xNaxTisOi2  samples,  accompanied  with  the  evident  growth  of  the  crystallites.  Because  of  the  phase 
structure  transformation  from  a  cubic  structure  to  an  orthorhombic  structure  whose  open  relatively 
tunnel  structure  along  the  b-axis  makes  for  the  lithium  ion  insertion/extraction,  the  Li2Na2Ti50i2  sample 
presents  the  low  and  sloped  potential  plateau  as  expected,  distinguished  from  the  high  and  flat  potential 
plateau  of  Li4Ti50i2.  Meanwhile,  the  Li2Na2Ti50i2  sample  delivers  the  good  high-rate  capability  and  cycle 
stability  during  cycling.  The  results  clarify  the  positive  effect  of  the  suitable  substitution  of  lithium  ions 
by  sodium  ions  in  LUTisO^  anode  material  with  the  low  operation  potential  for  insuring  the  high 
working  voltage  of  lithium  ion  batteries. 

©  2013  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

The  safety  issue  is  important  for  high-power  and  high-energy 
lithium  ion  batteries  in  electric  vehicles  (EVs)  [1-3].  Among  those 
safe  alternatives  to  graphite  anode,  Li4Ti50i2  is  of  particular  interest 
due  to  its  high  operation  potential  plateau  at  about  1.5  V  vs  Li/Li+  to 
avoid  the  lithium  dendrite  growth,  and  negligible  volume  change  in 
the  lithium  insertion/extraction  processes  to  ensure  long  cycle 
stability  [4-6].  Therefore,  extensive  investigation  has  been  made  to 
fabricate  nanostructured  Li4TisOi2  or  LizffisO^/carbon  composites 
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based  on  the  requirement  for  high  power  lithium  ion  batteries  [7— 

20]. 

Usually,  lithium  ion  batteries  with  a  high  safety  are  coupled 
with  Li4Ti50i2  anode  and  LiFeP04/LiMn204/LiCo02  cathode  [21- 
23].  However,  such  batteries  suffer  from  the  low  working 
voltage  due  to  the  high  operation  potential  of  Li4TisOi2  anode, 
resulting  in  the  low  energy  density  of  batteries.  In  order  to  in¬ 
crease  the  working  voltage  and  energy  density  of  lithium  ion 
batteries,  one  way  is  to  use  cathode  materials  with  higher  oper¬ 
ation  potential  in  batteries,  such  as  LiNio.5Mn1.5Oz1,  LiMnP04  and 
LiCoMn04  [24-26].  Another  way  is  to  depress  the  operation  po¬ 
tential  of  Ti-based  compounds  as  anode  to  insure  the  high  work¬ 
ing  voltage  of  lithium  ion  batteries.  Meanwhile,  it  should  be  noted 
that  lithium  ions  in  Li4Ti50i2  anode  are  electrochemically  inactive 
in  the  two-phase  reaction  between  Li4TisOi2  with  a  cubic  spinel 
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structure  and  LiyTisO^  with  an  ordered  rock-salt  structure  [5]. 
Based  on  the  effective  utilization  of  lithium  resources  in  lithium 
ion  batteries  [27],  it  is  significant  to  replace  inactive  lithium  ions 
with  abundant  cations  in  Ti-based  compounds  [28-34],  such  as 
sodium  and  magnesium  ions.  In  particular,  the  sodium  ions  are 
much  more  abundant  as  compared  with  lithium  resources  in  the 
earth’s  crust.  In  addition,  the  radius  of  sodium  ions  is  obviously 
larger  than  that  of  lithium  ions.  When  lithium  ions  are  partially 
substituted  by  sodium  ions  in  Ti-based  compounds,  it  would  be 
beneficial  to  fabricate  new  anode  host  materials  with  a  relatively 
open  tunnel  structure  for  decreasing  the  operation  potential  in  the 
lithium  insertion/extraction  processes. 

In  this  work,  lithium  ions  are  substituted  gradually  by  sodium 
ions  in  Li4Ti50i2,  prepared  by  the  high  temperature  calcination  of 
titania,  anhydrous  lithium  carbonate  and  anhydrous  sodium  car¬ 
bonates.  The  microstructure,  size,  and  electrochemical  perfor¬ 
mances  of  the  as-prepared  Ti-based  anode  materials  are  analyzed 
and  discussed  to  reveal  the  effect  of  ion  substitution  on  the  struc¬ 
ture  and  operation  potential. 


2.  Experimental 

2.1.  Preparation  and  characterization 

The  Li4_xNaxTi50i2  (0  <  x  <  4)  samples,  in  which  the  stoi¬ 
chiometric  formula  only  expressed  molar  amount  of  the  used  el¬ 
ements  in  the  starting  materials,  were  prepared  by  the  simple 
high  temperature  solid-phase  reaction.  Anhydrous  lithium  car¬ 
bonate,  anhydrous  sodium  carbonate  and  the  commercial  titania 
(P25,  Degussa)  were  mixed  with  various  molar  ratio  and 
adequately  grinded  in  an  agate  mortar.  The  resulting  mixtures 
were  calcined  at  750  °C  for  2  h  in  air  to  obtain  the  final  Li4_x_ 
NaxTi50i2  samples.  According  to  the  different  molar  ration  of  the 
elements,  the  as-prepared  five  samples  in  this  work  were  desig¬ 
nated  as  Li4Ti50i2,  Li3NaTi50i2,  Li2Na2Ti50i2,  LiNa3TisOi2  and 
Na4Ti50i2,  respectively. 

Phase  identification  of  the  Li4_xNaxTi50i2  samples  was  deter¬ 
mined  by  X-ray  diffraction  (XRD,  Rigaku  MiniFlex  II)  with  a  range  of 
26  from  10  to  80°  at  a  rate  of  5°  min-1.  The  morphology  and 
microstructure  of  the  samples  was  characterized  by  scanning 
electron  microscopy  (SEM,  Hitachi  S-4800)  and  transmission  elec¬ 
tron  microscopy  (TEM,  FEI  Tecnai  F20). 

2.2.  Electrochemical  measurements 

The  obtained  samples,  acetylene  black,  and  binder  (polytetra- 
fluoroethylene,  PTFE)  were  mixed  at  a  weight  ratio  of  75:15:10,  and 
compressed  to  prepare  the  working  electrode.  Metallic  lithium  was 
used  as  the  counter  and  reference  electrodes.  LiPF6  (1  M)  in  the 
mixture  solution  composed  of  ethylene  carbonate  (EC)  and 
dimethyl  carbonate  (DMC)  with  a  volume  ratio  of  3:7  was  used  as 
electrolyte.  The  galvanostatic  method  was  used  to  measure  the 
electrochemical  capacity  of  the  cathodes  at  25  °C  using  LAND- 
CT2001A  instrument  with  a  charge  and  discharge  current  density 
of  50  mA  g-1,  as  well  as  with  various  current  densities  for  inves¬ 
tigating  rate  capability.  The  cut-off  potentials  for  charge  and 
discharge  processes  were  set  at  2.5  and  0.8  V  (vs.  Li/Li+).  The  cyclic 
voltammetry  (CV)  measurement  was  conducted  with  a  CHI  600A 
electrochemical  workstation  at  a  scan  rate  of  0.1  mV  s-1.  Electro¬ 
chemical  impedance  experiments  were  conducted  using  Zahner 
IM6ex  electrochemical  workstation  with  5  mV  amplitude  of 
perturbation  in  the  frequency  range  of  100  kHz-10  mHz.  The 
samples  were  also  investigated  after  different  cycles  under  the 
current  density  of  50  mA  g-1. 
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Fig.  1.  XRD  patterns  of  the  as-prepared  samples,  (a)  LUTisO^,  (b)  Li3NaTi50i2,  (c) 
Li2Na2Ti50i2,  (d)  LiNa3Ti50i2,  and  (e)  Na4Ti5Oi2. 


3.  Results  and  discussion 

3.1.  Structure  and  morphology 

Fig.  1  shows  XRD  patterns  of  the  as-prepared  samples.  It  is  clear 
that  the  structure  transformation  is  detected  with  increasing  the 
molar  ratio  of  sodium  ions  to  lithium  ions  in  the  as-prepared 
Li4_xNaxTi50i2  samples.  In  the  case  of  Li4Ti50i2,  the  cubic  phase 
of  Li4Ti50i2  spinel  (JCPDS  49-0207)  is  dominant,  accompanied  with 
a  trace  of  monoclinic  Li2Ti03  (JCPDS  71-2348)  as  intermediate 
product,  which  usually  coexists  with  Li4Ti50i2  spinel  in  low  tem¬ 
perature  by  solid  state  synthesis  [35].  When  one  mole  of  lithium 
ions  is  substituted  by  sodium  ions,  designated  as  L^NaTisO^,  three 
crystalline  phases  appear  in  the  resulting  sample:  dominant  NaLi- 
Ti307  phase  with  an  orthorhombic  structure  (JCPDS  52-0690),  a 
small  fraction  of  Li4Ti50i2,  and  a  trace  of  Li2Ti03  phase.  With 
increasing  the  molar  ratio  of  lithium  ions  to  sodium  ions  (1:1), 
designated  as  Li2Na2Ti50i2,  the  sample  is  indexed  to  pure  NaLiT^Oy 
with  an  orthorhombic  structure,  highly  matched  in  both  peak  po¬ 
sition  and  intensity  in  the  XRD  pattern.  The  final  composition  is  not 
identical  to  the  elemental  molar  ratio  used  in  starting  materials, 
however,  it  can  easily  be  understood  in  terms  of  volatility  of  the 
lithium  carbonate.  When  the  molar  ratio  of  lithium  ions  to  sodium 
ions  is  increased  to  3:1,  LiNa3Ti50i2,  the  NaLiTi307  phase  and 
Na4TisOi2  phase  coexist.  As  expected,  when  lithium  ions  are 
completely  substituted  by  sodium  ions,  pure  Na4TisOi2  with  a 
hexagonal  structure  (JCPDS  52-1814)  can  be  obtained  stoichio- 
metrically.  The  results  show  that  pure  NaLiT^Oy  with  an  ortho¬ 
rhombic  structure  can  be  formed  in  the  high  temperature  solid- 
phase  reaction  when  sodium  and  lithium  coexist  in  the  starting 
materials  under  the  used  conditions.  In  the  NaLiTi307  structure,  the 
intercalated  edge  and  corner-sharing  distorted  TiC>6  octahedra  are 
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Fig.  2.  SEM  and  TEM  images  of  the  as-prepared  samples,  (a)  Li4Ti50i2,  (b)  Li3NaTi50i2,  (c)  Li2Na2Ti50i2,  (d)  LiNa3Ti50i2,  and  (e)  Na4Ti50i2. 


arranged,  which  provide  a  relatively  open  tunnel  structure  along 
the  b-axis  for  the  lithium  insertion/extraction  and  the  lithium  ion 
diffusion  [31]. 

SEM  and  TEM  images  of  the  as-prepared  samples  are  shown  in 
Fig.  2.  The  average  crystallite  sizes  of  the  as-prepared  Li4Ti50i2  and 
Na4Ti50i2  samples  are  200-300  nm,  respectively.  The  crystallite 
size  of  the  Na/Li-coexisted  samples  is  smaller  than  that  of  the 
Li4Ti50i2  and  Na4Ti50i2  samples  because  the  addition  of  hetero¬ 
geneous  atoms  in  the  host  lattice  retards  the  sintering  between 
primary  grains  [36].  In  the  as-prepared  Li4_xNaxTi50i2  samples,  it  is 
clear  that  the  crystallite  size  of  all  the  samples  is  homogenously 
distributed  and  increased  gradually  with  increasing  the  molar  ratio 
of  sodium  ions  to  lithium  ions  in  the  samples.  The  L^NaTisO^ 
sample  is  composed  of  regular  nano-particles  with  a  diameter  of 
70-100  nm  as  shown  in  TEM  image.  In  the  Li2Na2Ti50i2  sample,  the 
crystallite  size  is  increased  to  100-200  nm.  With  further  increasing 
the  molar  ratio  of  sodium  ions  to  lithium  ions,  the  crystallites  are 
inclined  to  merge  into  big  and  irregular  aggregates.  The  crystallite 
size  is  about  150-250  nm  for  the  LiNasTisO^  sample.  It  means  that 
the  substitution  of  lithium  ions  by  sodium  ions  has  a  great  impact 
on  the  crystalline  size  of  in  the  as-prepared  Li4_xNaxTi50i2  samples, 
and  sodium  ions  here  seem  to  be  beneficial  to  the  growth  of  the 
crystallites. 


3.2.  Electrochemical  performances 

The  initial  discharge  curves  of  the  as-prepared  samples  at  the 
current  density  of  50  mA  g-1  are  shown  in  Fig.  3.  The  initial 
discharge  capacities  of  the  as-prepared  Li3NaTi50i2  and  Li2Na2_ 
Ti50i2  samples  are  131.8  and  131.6  mAh  g-1,  respectively,  lower 
than  that  (157.6  mAh  g-1)  of  LUTisO^.  The  more  dramatic  change  is 
shown  in  the  discharge  potential  plateau  when  lithium  ions  are 
gradually  substituted  by  sodium  ions  in  LUTisO^.  Clearly,  the  flat 
potential  plateau  of  L^TisO^  is  about  1.55  V  (vs  Li/Li+)  in  the  initial 
discharge  process,  corresponding  to  two-phase  reaction  between 
LUTisO^  and  LiyTisO^  [5].  When  one  mole  of  lithium  ions  is 
substituted  by  sodium  ions  (L^NaTisO-^),  the  midpoint  potential  is 
shown  to  reduce  to  1.24  V  (vs  Li/Li+)  in  the  sloped  discharge  curve, 
much  lower  than  that  of  LUTisO^.  In  addition,  the  upper  and  short 
discharge  potential  plateau  appears  in  1.54  V  (vs  Li/Li+)  and  the 
short  charge  potential  plateau  can  be  found  in  1.60  V  (vs  Li/Li+), 
which  are  attributed  to  the  presence  of  Li4Ti50i2  in  the  Li3NaTi50i2 
sample  as  demonstrated  in  XRD  patterns.  In  the  case  of  the 
Li2Na2Ti50i2  sample,  the  upper  and  short  discharge  potential 
plateau  disappears,  and  only  sloped  discharge  curve  with  the  low 
midpoint  potential  of  1.21  V  (vs  Li/Li+)  is  presented,  which  is  in 
consistent  with  the  existence  of  the  single  phase  Li2Na2Ti50i2.  It 
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Fig.  3.  The  charge-discharge  curves  of  the  as-prepared  samples  in  (a)  the  initial  and 
(b)  second  cycle  at  the  current  density  of  50  mA  g-1. 


should  be  noted  that  the  sloped  discharge  curve  is  mainly  related  to 
the  solid  solution  lithium  insertion/extraction  processes  in  a  rela¬ 
tively  open  tunnel  structure.  With  further  substitution  of  lithium 
ions  by  sodium  ions,  both  the  midpoint  potential  and  discharge 
capacity  are  decreased.  In  the  second  cycle,  the  almost  identical 
change  of  the  discharge  potential  plateaus  for  all  the  samples  is  still 
observed,  accompanied  with  the  decrease  of  the  discharge  capac¬ 
ities.  It  implies  that  there  is  irreversible  capacity  loss  during  the 
formation  of  the  solid  electrolyte  interface  (SEI)  film  in  the  initial 


discharge  process.  The  similar  phenomena  usually  appear  for  Ti- 
based  nanoparticles  due  to  the  existence  of  irreversible  Li  inser¬ 
tion  sites  and  trace  water  adsorbed  on  the  surface  of  active  mate¬ 
rials  [9,36]. 

To  illuminate  the  effect  of  the  partial  substitution  of  lithium  ions 
by  sodium  ions  in  Li4Ti50i2,  the  cyclic  voltammograms  of  the  as- 
prepared  samples  are  measured  at  the  scan  rate  of  0.1  mV  s-1,  as 
presented  in  Fig.  4.  There  is  only  a  pair  of  sharp  redox  peaks  for  the 
as-prepared  LLfTisO^  sample,  consistent  with  the  couple  of  the 
discharge/charge  potential  plateaus  as  mentioned  above.  For  the 
Li3NaTi50i2  sample,  there  are  two  pairs  of  redox  peaks  in  the 
cathodic  and  anodic  processes,  located  at  around  1.50/1.59  V  and 
1.15/1.37  V  (vs  Li/Li+),  respectively,  corresponding  to  the  appear¬ 
ance  of  the  two  potential  plateaus  in  the  discharge/charge  pro¬ 
cesses  as  shown  in  Fig.  3.  In  the  second  cycle,  the  peak  intensity  in 
the  cathodic  process  is  slightly  decreased,  in  line  with  the  loss  in 
the  discharge  capacity.  On  the  contrary,  the  peak  shape  in  the 
anodic  process  remains  unchanged  almost,  indicating  the  good 
reversible  capability  and  stability.  In  the  case  of  the  Li2Na2Ti50i2 
sample,  only  a  pair  of  redox  peaks  at  around  1.11/1.38  V  (vs  Li/Li+) 
appears  in  the  cathodic  and  anodic  processes,  in  agreement  with 
the  presence  of  the  one  potential  plateau  in  the  discharge  and 
charge  processes,  respectively.  When  the  molar  ratio  of  lithium  ions 
to  sodium  ions  is  increased  to  3:1  (LiNa3Ti50i2),  the  peak  intensity 
is  obviously  lower,  leading  to  the  decrease  in  the  charge  and 
discharge  capacities.  Meanwhile,  two  pairs  of  redox  peaks  can  be 
observed  due  to  the  coexistence  of  the  NaLiT^Oy  phase  and 
Na4Ti50i2  phase  as  shown  in  XRD  patterns.  Comparing  with  the 
cathodic  peaks  in  CV  profiles  of  the  three  materials,  it  is  clear  that 
there  are  some  important  features  for  the  single  phase  Li2Na2Ti50i2 
sample.  Importantly,  the  cathodic  and  anodic  peak  potentials  are 
obviously  lower  for  anode,  which  are  responsible  for  insuring  the 
high  working  voltage  of  lithium  ion  batteries. 

The  rate  discharge  capability  and  cycle  stability  of  the  as- 
prepared  samples  are  investigated  at  various  current  densities 
from  50  to  1500  mA  g-1  as  shown  in  Fig.  5.  At  the  low  current 
density  of  150  mA  g-1  after  10  cycles,  LUTisO^,  L^NaTisO^, 
Li2Na2Ti50i2  and  LiNa3Ti50i2  deliver  stable  discharge  capacities  of 
117.1,  65.2  and  46.1  mAh  g-1,  respectively.  With  increasing  the 
current  density  to  300  mA  g-1,  the  decrease  of  discharge  capacities 
is  not  serious  for  all  the  four  samples.  When  the  current  density  is 
increased  up  to  1500  mA  g-1,  the  difference  in  the  discharge  ca¬ 
pacity  is  obvious.  In  comparison  of  the  Na/Li-coexisted  samples,  the 
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Fig.  4.  Cyclic  voltammograms  of  the  as-prepared  Li4Ti5Oi2,  Li3NaTi50i2,  Lhl^TisO^  and  LiNa3Ti50i2  at  a  scan  rates  of  0.1  mV  s  \ 
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Li3NaTi50i2  presents  the  high  discharge  capacity  and  excellent  rate 
capability.  The  abundant  grain  interface  in  the  multi-phase  Li3Na- 
TisO^  sample  is  contributed  to  such  excellent  rate  capability  37]. 
More  importantly,  after  60  cycles  at  varied  discharge  current  den¬ 
sities,  all  the  three  samples  deliver  the  high  discharge  capacity  at 
the  current  density  of  150  mA  g^1,  respectively,  slightly  larger  than 
the  value  in  the  20th  cycle.  It  is  noted  that  all  the  three  samples  can 
endure  great  changes  of  various  low  or  high  discharge  current 
densities  to  retain  high  stability  upon  cycling,  which  is  beneficial 
for  the  abuse  tolerance  of  lithium-ion  batteries  with  the  high  power 
and  long  stability.  On  the  contrary,  the  rate  discharge  capability  of 
the  Na^isO^  is  poor,  similar  to  the  discharge  performance  in  the 
low  current  density  in  Fig.  3.  Therefore,  the  suitable  substitution  of 
lithium  ions  by  sodium  ions  in  Li4Ti50i2  is  absolutely  necessary  for 
improving  the  electrochemical  performance,  including  the  poten¬ 
tial  plateau,  discharge  capacity  and  high-rate  capability. 

Electrochemical  impedance  spectra  (EIS)  of  the  as-prepared 
materials  are  measured  as  shown  in  Fig.  6,  before  discharge,  after 
1st,  5th  and  10th  cycles.  Before  discharge  and  after  1st  cycle,  all  the 
samples  present  the  similar  EIS  plots,  which  are  consisted  with  a 
semicircle  in  the  high-frequency  region  and  a  straight  line  in  the 
low-frequency  region.  The  semicircle  in  the  high-frequency  region 
is  mainly  related  to  surface  charge-transfer  process,  and  straight 
line  in  the  low-frequency  region  corresponds  to  a  semi-infinite 
Warburg  diffusion  process.  However,  after  5th  and  10th  cycles, 
one  small  semicircle  divided  in  the  high-frequency  region  appears 
in  the  spectra,  which  is  attributed  to  the  gradual  formation  of  the 
solid-electrolyte  interface  (SEI)  film  after  suffering  several  cycles 
[38].  EIS  spectra  are  simulated  using  the  equivalent  circuit  inserted 
in  Fig.  6,  and  the  simulated  values  are  summarized  in  Table  1.  Here, 
RSt  Rf,  Rct  and  W  are  denoted  as  the  solution  resistance,  SEI  film 
resistance,  surface  charge-transfer  resistance  and  Warburg  diffu¬ 
sion  impedance,  respectively.  Obviously,  the  surface  charge- 
transfer  resistance  and  Warburg  diffusion  impedance  are  domi¬ 
nant  in  the  electrode  reaction  processes  for  all  the  samples.  In 
addition,  the  surface  charge-transfer  resistance  and  Warburg 
diffusion  impedance  are  steadily  enhanced  with  increasing  the 
molar  ratio  of  sodium  ions  to  lithium  ions  in  the  samples  after  the 
1st  cycle.  These  two  dominant  parameters  are  highly  responsible 
for  the  high-rate  discharge  capability  of  the  electrodes  in  Fig.  5. 
After  further  cycling,  the  surface  charge-transfer  resistance  tends  to 
decrease,  accompanied  with  the  formation  of  the  SEI  film.  It  means 
that  more  active  sites  are  produced  in  the  repeatedly  lithium 


insertion/extraction  processes.  In  the  Na/Li-coexisted  samples,  the 
multi-phase  Li3NaTi50i2  sample  presents  the  low  surface  charge- 
transfer  resistance  and  Warburg  diffusion  impedance  due  to  the 
abundant  interface  structure  37],  which  is  the  intrinsic  reason  for 
improving  the  high-rate  capability.  More  sodium  ion  substitution  in 
the  samples  would  block  the  lithium  ion  diffusion  in  the  bulk, 
leading  to  the  increase  of  the  Warburg  diffusion  impedance. 

To  demonstrate  the  formation  of  the  SEI  film,  HRTEM  images  of 
the  as-prepared  Li2Na2Ti50i2  before  and  after  10  cycles  are 
measured  and  indicated  in  Fig.  7.  For  the  as-prepared  sample,  a 
continuous  interference  fringe  spacing  (0.48  nm)  of  (111)  plane 
with  a  good  crystallinity  is  found  until  the  clear  grain  edge  (Fig.  7a). 
After  10  cycles,  a  thin  amorphous  film  with  a  thickness  of  3-5  nm  is 
clearly  shown  on  the  top  surface  of  the  grain  edge  based  on  their 
mass  contrast,  which  is  formed  in  the  low  potential  region  during 
the  discharge  process.  Beneath  the  amorphous  SEI  film,  the  inter¬ 
ference  fringes  in  the  bulk  are  still  intact  without  any  defects,  such 
dislocations  and  disordered  domains.  Therefore,  the  formation  of 
the  stable  thin  SEI  film  on  the  grain  surface  is  highly  important  for 
insuring  the  good  cycle  stability  of  the  as-prepared  Li2Na2Ti50i2 
sample. 

Actually,  the  substitution  of  lithium  ions  by  sodium  ions  in 
Li4Ti50i2  has  the  great  impact  on  the  structure,  crystalline  size  and 
electrochemical  performance.  When  lithium  ions  are  partially 
substituted  by  sodium  ions,  the  relatively  open  tunnel  structure 
supported  by  the  larger  sodium  ions  in  the  host  material  can  be 
formed,  which  is  beneficial  for  decreasing  the  operation  potential  in 
the  lithium  insertion/extraction  processes.  Of  course,  the  decrease 
of  the  operation  potential  is  obtained  at  the  expense  of  the 
discharge  capacity  due  to  the  substitution  by  heavy  sodium  ions. 
From  the  results  as  mentioned  above,  the  half  substitution  of 
lithium  ions  by  sodium  ions  is  available  based  on  the  evaluation  of 
the  potential  plateau,  discharge  capacity  and  high-rate  capability. 

4.  Conclusion 

In  conclusion,  lithium  ions  are  substituted  gradually  by  sodium 
ions  in  the  as-prepared  Li4_xNaxTi50i2  samples,  prepared  by  the 
high  temperature  calcination  of  titania  and  anhydrous  lithium 
carbonate  and  anhydrous  sodium  carbonate.  With  gradually 
increasing  the  molar  ratio  of  sodium  ions  to  lithium  ions  in  the  as- 
prepared  Li4_xNaxTi50i2  samples,  the  phase  structure  is  obviously 
converted  to  an  orthorhombic  structure  (NaLiTi3Oy)  from  a  cubic 
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Fig.  6.  (a)  Nyquist  plots  of  the  as-prepared  Li4Ti50i2,  Li3NaTi50i2,  Li2Na2Ti50i2  and 
LiNa3Ti50i2  under  open  circuit  condition  at  the  charged  state  after  various  cycles 
(50  mA  g_1).  The  symbols  and  lines  correspond  to  the  experimental  and  simulated 
data,  respectively,  (b)  The  used  equivalent  circuit,  in  which  the  elements  in  the  dashed 
frame  are  only  involved  for  fitting  the  5th  and  10th  cycle  spectra. 


structure,  and  finally  to  a  hexagonal  structure  (Na^isO^).  Mean¬ 
while,  the  crystalline  size  of  the  samples  is  increased  with  more 
sodium  ion  substitution.  Although  the  discharge  capacity  is  slightly 
decreased  with  sodium  ion  substitution  in  the  samples,  as  ex¬ 
pected,  the  lower  potential  plateau  is  indeed  obtained  in  the  Na-ion 
substituted  samples.  In  particular,  the  single  phase  Li2Na2Ti50i2 
sample  presents  one  low  and  sloped  potential  plateau,  which  is 
responsible  for  insuring  the  high  working  voltage  of  lithium  ion 
batteries.  Therefore,  the  suitable  substitution  of  lithium  ions  by 
sodium  ions  in  LLfTisO^  is  absolutely  necessary  for  improving  the 


Table  1 

The  simulated  data  from  EIS  spectra  using  the  equivalent  circuit  shown  in  Fig.  6.a 


Sample 

Cycle 

Rs  (Q) 

Kf(O) 

Rct  (fi) 

W  (Q) 

Li4Ti5Oi2 

0 

6.8 

- 

88.3 

30.0 

1st 

4.6 

- 

121.5 

50.4 

5th 

4.5 

85.1 

94.4 

54.0 

10th 

8.0 

46.6 

48.1 

52.0 

Li3NaTi50i2 

0 

5.2 

- 

58.0 

15.0 

1st 

6.1 

150.2 

44.8 

5th 

4.7 

45.8 

30.0 

36.5 

10th 

4.9 

33.8 

22.7 

31.4 

Li2Na2Ti50i2 

0 

4.7 

- 

91.09 

39.7 

1st 

5.2 

194.7 

56.3 

5th 

4.7 

35.7 

77.6 

78.2 

10th 

4.4 

33.7 

48.5 

88.3 

LiNa3Ti50i2 

0 

3.5 

- 

87.8 

22.5 

1st 

3.7 

- 

258.0 

84.6 

5th 

3.9 

19.8 

150.3 

120.0 

10th 

4.0 

16.0 

103.5 

104.3 

a  Rs\  solution  resistance;  Rct\  charge  transfer  resistance;  Rf.  SEI  film  resistance;  W: 
Warburg  diffusion  impedance. 


Fig.  7.  TEM  images  of  the  as-prepared  Li2Na2Ti50i2  before  and  after  10  cycles  at  the 
current  density  of  50  mA  g-1. 
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electrochemical  performance,  including  the  potential  plateau, 
discharge  capacity  and  high-rate  capability. 
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